We investigate luminosity and morphology segregation in the Southern Sky Redshift Survey 2 (SSRS2, da ) with statistical methods developed for marked point processes. For this we clarify the notion of mark segregation in the framework of marked point patterns and introduce a couple of test quantities which probe different features of the luminosity-and morphology-dependent clustering in a scale-dependent way. These methods do not suffer from a degeneracy between real luminosity segregation and luminosity segregation faked by a fractal distribution of galaxies. Using these quantities we detect significant luminosity as well as morphology segregation in the SSRS2 catalog at scales up to 15h −1 Mpc and 10h −1 Mpc, respectively. Particularly, we find that on small scales not only the brighter galaxies as well as the early type galaxies cluster more strongly than the dim and late type ones, but also that the luminosity fluctuations are enhanced.
Introduction
In studies of the large-scale structure in the Universe galaxies are usually thought of as points. The spatial galaxy distribution is analyzed with statistical methods like correlation functions, counts-in-cells (Peebles 1980) , Minkowski functionals (Mecke et al. 1994) etc. However, additional to their position in space the galaxies bear marks, i.e. intrinsic properties like mass, luminosity or morphological type. So the question arises whether there is an interplay between the spatial clustering and the intrinsic features of the galaxies. If there is a dependence we speak of mark segregation. Specifically luminosity segregation is important for the biasing problem. Galaxy catalogs trace the luminous matter, whereas the models for structure formation typically follow the dark matter. To fill in this gap, biasing models have been introduced (e.g. Dekel and Lahav 1999 and refs. therein) , which relate the clustering of the galaxies to correlations of the underlying mass distribution. Empirically the connection between intrinsic properties of galaxies, and their clustering in space may be studied with current galaxy catalogs. Clearly, this does not provide a direct link to the clustering of the dark matter, but it will indicate a way of how to model the bias. So far, some work has been carried out referring both to luminosity-and morphology-dependent clustering (see e.g. Ostriker and Turner 1979 , Maurogordato and Lachièze-Rey 1987 , Hamilton 1988 , Dominguez-Tenreiro and Martinez 1989 , Benoist et al. 1996 and Dominguez-Tenreiro et al. 1994 , Hermit et al. 1996 . Particularly, a couple of authors claim to have found evidence for luminosity segregation.
In this letter we discuss luminosity and morphology segregation in the framework of marked point processes (see e.g. Stoyan and Stoyan 1994) , allowing for an unambiguous definition of mark segregation. We introduce a class of test quantities, apply them to the data and assess the statistical significance of our claims. The mathematical theory will be presented in detail in a forthcoming work, where we also try to gain a physical picture of luminosity segregation by comparing data with models (Beisbart and Kerscher 1999) . Here, we concentrate on the basic claim that a scaledependent luminosity and morphology segregation is present in the Southern Sky Redshift Survey 2 (SSRS2, da . Methods similar to ours are the cross-correlation functions and luminosity-weighted correlation functions considered by Tegmark and Bromley (1999) , Alimi et al. (1988), and Börner et al. (1989) .
The outline of this letter is as follows: We define mark-segregation in the framework of marked point patterns and propose a set of test quantities in Sect. 2. In Sect. 3 we investigate the luminosity and morphology segregation in the SSRS2, and in Section 4 we summarize and outline consequences for biasing schemes.
Marked point distributions
A marked point distribution is a set of points {(x i , m i )} N i=1 with a mark m i attached to each point x i . The theory of marked point processes is well developed in the mathematical literature (Stoyan 1984, Stoyan and Stoyan 1994) . Continuous quantities such as masses and luminosities as well as discrete properties like morphological types may be used as marks. The spatial aspects of a marked point process may be quantified separately, e.g. using the number density ρ and the twopoint correlation function ξ 2 (r). Similarly, the mark distribution M(m) may be characterized by the mean mark m and the mark variance V[m]. However, here we are interested in the interaction between the marks and the spatial clustering. So a description in terms of joint mark-space probability densities is appropriate; we focus on two-point properties. The joint two-point probability of finding 1 two galaxies at x 1 and x 2 with marks m 1 and m 2 respectively is given by ρ
splits into a spatial part, the marginal density, and a conditional probability density for the marks:
M 2 (m 1 , m 2 |x 1 , x 2 ) denotes the conditional probability density of finding the marks m 1 and m 2 at the galaxies 1 and 2 given that these galaxies are located at x 1 and x 2 , respectively. Throughout this letter we assume that these densities only depend on the distance r = |x 1 − x 2 |. The spatial product density ρ S 2 is directly related to the common two-point correlation function:
With M 2 (m 1 , m 2 |r) we investigate the distribution of marks which may be found on pairs of galaxies with separation r -the spatial correlations are "divided out". If the probability that two galaxies have marks m 1 and m 2 is the same for all galaxy-pairs independent from their separation r, the conditional probability density
If on the other hand M 2 (m 1 , m 2 |r) does vary with r the mark distribution on galaxy pairs depends on their separation r and we speak of mark segregation.
The conditional mark-probability is a function of three variables and not easy to estimate and interpret. Therefore we condense the information by integrating over both marks and weighting with a function f (m 1 , m 2 ) to get mark-weighted two-point properties:
Intuitively, this is an average over pairs with a separation r. We are free to choose weighting functions f adopted to our problem (Beisbart and Kerscher 1999) . Here we discuss three functions for continuous marks and one for discrete marks.
1. The first one is the normalized mean mark on galaxy pairs with a separation of r:
If the mean mark k m (r) does not equal unity, mark segregation is present. Especially, an enhanced k m (r) > 1 indicates that galaxy pairs with a separation of r tend to have higher marks.
2. Not only the mean mark, but also the fluctuations of the mark at one galaxy given another galaxy at a distance r may be considered:
If no mark segregation is present, var simply equals V[m], whereas, e.g., var(r) > V [m] indicates that the mark fluctuations are enhanced on pairs with separation r.
3. var(r) quantifies the fluctuations of the mark at one galaxy. Genuine pair effects can be quantified using the covariance:
If typical galaxy pairs with a separation of r show comparable marks, this is leading to an positive covariance cov(r) > 0. Generally, mark segregation is present for cov = 0.
4. So far these test quantities are applicable to continuous non-negative marks. For discrete marks we use the conditional cross-correlation functions. Suppose the marks of our galaxies belong to morphology classes α, β, . . . . The conditional cross-correlation functions are then given by
with the Kronecker δ m 1 α = 1 for m 1 = α and zero otherwise. The presence of no mark segregation is indicated by C αβ = 2ρ α ρ β /ρ 2 and C αα = ρ 2 α /ρ 2 where ρ α denotes the number density of galaxies with type α. Note that the C αβ are conditional cross-correlation functions.
We calculate our test quantities as the ratios of the f -weighted pair-count divided by the pure pair-count. The same results were obtained using different estimators (see Beisbart and Kerscher 1999) .
All these quantities allow for a scale-dependent analysis of luminosity and morphology segregation already in one sample. This is a clear advantage compared to the analysis based on the amplitude of correlation function. There, the observed correlation function ξ 2 (r) is fitted by a power-law Ar −γ over the whole range of admissible radii. In deeper samples, i.e. in samples incorporating only the more luminous galaxies, an increasing amplitude A is considered as an indication of luminosity segregation (see e.g. ). However, as Pietronero (1987) showed, the rise of the correlation amplitude may also be explained in terms of a fractal model for the galaxy distribution. Hence, this method suffers from a degeneracy: the increasing amplitude may be either a signal of luminosity segregation or an artifact of an inhomogeneous (e.g. fractal) galaxy distribution. Already from the definition (4) with the conditional mark density M 2 (m 1 , m 2 |r) it is clear that spatial correlations are "divided out" and the mean density does not enter. Thus none of the f P (r) suffers from the degeneracy with a fractal (see Beisbart and Kerscher 1999 for a detailed numerical study). Hence, the clear signal of our test quantities found in the SSRS2 catalog (see below) is an imprint of real luminosity and morphology segregation.
Mark segregation in the SSRS2 catalog
In the following we apply our test quantities to volume-limited samples extracted from the SSRS2 (da Costa et al. 1998).
Luminosity segregation
First we ask for luminosity segregation. The marks are the luminosities of the galaxies estimated from the observed magnitudes using the redshifts as distance indicators.
The results for a 100h −1 Mpc volume-limited sample are shown in Fig. 1 . Already at first glance, all our test quantities show evidence for luminosity segregation, relevant on scales up to 15h −1 Mpc. To quantify the statistical significance of such claims, we took the real data and redistributed the luminosities of the galaxies randomly, holding the galaxy positions fixed. So we mimic a marked point process with the same spatial clustering and the same distribution of the luminosities, but with no luminosity segregation. Doing so several times we can estimate the statistical errors, showing that our results are highly significant.
Let us now look at each of the mark weighted correlation functions in detail:
The mean mark k m (r) > 1 indicates strong clustering of luminous galaxies. The clear signal of luminosity segregation on small scales is decreasing and becoming unimportant on scales larger than 15h −1 Mpc. This strong clustering of luminous galaxies is in agreement with earlier claims comparing the correlation amplitude of several volume limited samples ). The behavior of var(r) completely escaped previous analysis, since it refers to fluctuations of the luminosities. var(r) > V [m] shows that on galaxy pairs with separations smaller than 15h −1 Mpc the luminosity fluctuations are enhanced. This seems to be an effect which is not confined to clusters of galaxies. However, the signal for the covariance cov(r) could be due to galaxy pairs inside clusters. It is relevant mainly on scales up to 4h −1 Mpc indicating that the luminosities on galaxy pairs with small separations tend to assume similar values. -Note, that there is an interesting feature in all our test quantities: There is a second peak at a scale of ∼ 10h −1 Mpc, which is currently beyond a physical explanation.
We tested the significance of our claims also using volume-limited subsamples with different depths and found essentially the same behavior of our quantities. The results do not change if we use luminosity distances and apply a type-dependent K-correction as used by Benoist et al. (1996) . However, systematic errors may occur, since we performed our analysis in redshift space, i.e. we estimate the luminosity L of a galaxy using its redshift z: L ∝ z 2 10 −0.4 mag . Therefore, peculiar velocities do not only change the spatial correlations, but also the values of the marks may be biased in a systematic way. It is difficult to correct for such an effect, since at least on large scales infall and streaming motions lead to correlated peculiar velocities. To estimate the order of magnitude of this error we add a random line of sight peculiar velocity to each galaxy, following a Gaussian distribution with zero mean and a width of 300km/s in agreement with the value of the pairwise velocity dispersion given by Marzke et al. (1995) . In randomizing the radial velocities independently we overestimate this error since correlated pairs are eventually torn apart. Repeating this procedure several times we can show that the mean values of k m , var, and cov do not change compared to the results in Fig. 1 . The additional fluctuations introduced by this procedure are smaller than the statistical errors quantified by randomizing the marks. Both k m and var show a signal outside the one-σ range of the combined with errors, whereas cov is becoming marginally consistent. These errors are by far more relevant than the bootstrap errors usually considered, nevertheless the luminosity segregation is statistically significant.
Our results in part confirm claims by Benoist et al. (1996) , who compared the correlation functions ξ 2 for different volume-limited subsamples and different luminosity classes of the SSRS2 catalog (see also Benoist et al. 1999) . They found, that there is a luminosity bias, especially due to very bright galaxies, in complete agreement with our analysis. Furthermore, they claim that the ratios of the correlation functions ξ 2 (r) for different luminosity classes are roughly constant, and therefore conclude that the biasing factor is constant. This seems to contradict our claim, that the "bias" is scale-dependent. However, in the standard biasing schemes the galaxy twopoint correlation function ξ 2 (r) (the normed cumulant) and the correlation function of the density contrast are compared. A constant ratio of these quantities ("linear bias") does not imply that the correlation functions of different galaxy classes are linearily related and vice versa. Statitistics relevant for the bias problem are thus mark-weighted correlations functions such as k m , var and cov.
Moreover, our methods allow for an investigation of fluctuations in the luminosities. A technical advantage of our test quantities is that they are insensitive to the spatial distribution, focusing on the luminosity distribution on the galaxies.
Morphology segregation
Obviously, the morphological type may serve as a discrete mark attached to a galaxy. Thus we ask for mark segregation in the SSRS2. The morphological classification of the galaxies in the SSRS2 catalog was compiled from different sources and only wide classes will give reliable results . We compare the clustering properties of two morphology classes, consisting of spiral, irregular and peculiar galaxies, labelled with l (late type), and elliptical and lenticular galaxies, labelled with e (early type). The conditional cross-correlation functions are shown in Fig. 2 . A clear signal for morphology segregation is visible up to scales of 10h −1 Mpc, confirming the result by . Especially, early type galaxies cluster stronger at the expense of late type galaxies. The cross-correlations between early and late type galaxies show only a weak signal, into the direction that the abundance of late-early pairs of galaxies is enhanced on small scales.
Conclusions
We could give an unambiguous definition of mark segregation on the two-point level using the conditional mark probability density. Adopting methods from the statistics of marked point processes we constructed a set of quantities which enabled us to search for mark segregation in a scale-dependent way. The comparison with the same set of galaxies but with randomized marks allows for a simple model-independent test of the statistical significance. Moreover our methods are not impaired by a degeneracy between a true luminosity segregation and a fractal point distribution.
Using these methods, we could show that significant luminosity segregation is present in the SSRS2 on scales up to 15h −1 Mpc. Particularly, galaxy pairs with separations smaller than 15h −1 Mpc are dominated by luminous galaxies, also the fluctuations in the luminosity at one galaxy are enhanced for these pairs. The positive covariance on scales smaller than 4h −1 Mpc indicates that galaxy pairs with similar luminosities are more frequent. Furthermore morphological segregation is present: The early-type galaxies are more strongly clustered than the late-type ones.
Our investigations are an empirical contribution to the biasing problem. The two-point correlation function of the galaxies traces the spatial distribution of galaxies, whereas the mark weighted correlation functions reflect the luminosity distribution of the galaxies. In this sense, our test quantities are just the ratio of a mark-weighted correlation function and the full galaxy-galaxy correlation function ξ 2 (r) + 1. We empirically identified a scale-dependent "bias" between these two correlation functions. The connection of our methods with the standard biasing schemes, and a comparison with analytical models, as well as the investigation of deeper data sets will be the next steps.
We would like to thank Dietrich Stoyan for helpful discussions. CB and MK acknowledge support from the Sonderforschungsbereich 375 für Astroteilchenphysik der DFG. 
